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ABSTRACT: Divalent tin oxides have attracted considerable attention as novel p-type oxide sem-




Sn2Nb2O7 and SnNb2O6 were developed; however, enhanced hole mobility by reducing defect con-
centrations is required for practical use. In this work, we investigate the correlation between the 
formation of oxygen vacancy (V!∙∙), which may reduce the hole-generation efficiency and hole mo-
bility, and the crystal structure in Sn-Nb complex oxides. Extended X-ray absorption fine structure 
spectroscopy and Rietveld analysis of x-ray diffraction revealed the preferential formation of V!∙∙  
at the O site bonded to the Sn ions in both the tin niobates. Moreover, a large amount of V!∙∙  around 
the Sn ions were found in the p-type Sn2Nb2O7, thereby indicating the effect of V!∙∙  to the low hole-
generation efficiency. The dependence of the formation of V!∙∙  on the crystal structure can be elu-
cidated from the Sn-O bond strength that is evaluated based on the bond valence sum and Debye 
temperature. The differences in the bond strengths of the two Sn-Nb complex oxides are correlated 
through the steric hindrance of Sn2+ with asymmetric electron density distribution. This suggests 
the importance of the material design with a focus on the local structure around the Sn ions to 
prevent the formation of V!∙∙  in p-type Sn2+ oxides.
 
INTRODUCTION 
Oxide semiconductors with high electrical conductivity and transparency have attracted signifi-
cant attention owing to their application in several technologies such as thin-film solar cells and/or 
touch screens. However, most of the existing oxide semiconductors are n-type oxides, such as Sn-
doped In2O3 (ITO) and InGaO3(ZnO)5 (IGZO) [1], and the lack of practical p-type oxide semicon-
ductors limits their applications to unipolar devices. Fabrications of the p-n junctions, as same as 
technologies for Si semiconductors, will lead to more energy saving, and more complex transpar-




One of the intrinsic problems in the development of p-type oxide semiconductors is the low hole 
mobility due to a flat valence band maximum composed of an O 2p orbital [3, 4]. To reduce strong 
localization of holes, modifying the valence band structure by hybridization of the O 2p orbital 
with a metallic s or d orbital is theoretically suggested [3]. Because the s orbital has an electron 
density with a large spatial spread and strong interactions with the neighboring atoms, the degree 
of valence band dispersion is particularly large for the s orbital-based materials. Thus, oxides in-
cluding cations with ns2 electronic configuration (such as Sn2+, Pb2+, and Bi3+) have attracted at-
tention as new candidates for p-type oxides [3-7]. This approach was demonstrated through the 
fabrication of SnO films with a hole mobility of ~21 cm2V-1s-1 [8-11]. However, because SnO has 
an indirect band gap of 0.7 eV [9], it is not suitable for future transparent device applications. For 




Figure 1. Crystal structures of SnNb2O6 (left) and Sn2Nb2O7 (right). The information for each site 
is provided in previous reports [13,14]. The O ions are denoted in different color based on the site. 








Recently, we developed novel p-type Sn2+ oxides, SnNb2O6 and Sn2Nb2O7, with a band gap of 
2.4 eV (Fig. 1) [13,14]. Although their valence band is composed of Sn 5s orbital, they showed 
low hole mobility of 0.03–0.4 cm2V-1s-1 so far [12-14]. In general, since structural defects act as 
the scattering centers for electrons (holes), the mobility declines with the increase of the defect 
density, and hence, the reduction of these defects is a common strategy for improving hole mobility 
[18]. By the same time, the carriers are generated by the defect formations, therefore, a high carrier 
generation efficiency of the donor (accepter) is required to improve the hole mobility for practical 
applications. Thus, it is important to focus on the underlying mechanism of the defect formations.  
The above-mentioned Sn-Nb complex oxides are known to have three native defects: the Sn va-
cancy (V#$%% ), the Sn4+ substitutional defect at the Nb5+ site (Sn&'% ),	and oxygen vacancy (V!∙∙) [19-




%% + Sn&'% + 3h∙ +
3
2O!
×, ⋯ (1) 
O!× ⇌ V!∙∙ +
1
2O) ↑
(gas) + 2e%, ⋯ (2) 
where Sn#$× 		and O!× are Sn2+ at the Sn site and O2- at the O site. These defect formations occur 
simultaneously during sample fabrication. Since the Eqs. (1) and (2) generate holes and electrons, 
respectively, the balance of these defect formations determines the carrier type and density. In fact, 
the carrier type of these Sn-Nb complex oxides can be manipulated by controlling the annealing 
conditions [12,13]. The net carrier density (nh and ne for hole and electron densities, respectively) 
and Sn&'%  density (NSn’Nb) of SnNb2O6 and Sn2Nb2O7 for both the p- and n-types are summarized in 
Table 1. With the change in the carrier type from p-type to n-type, the amount of Sn&'%  clearly 




described by the amount of Sn&'%  ; the hole densities are two or three orders magnitude lower than 
Sn’Nb density. The degree of such mismatch between hole and Sn&'%  density of SnNb2O6 is different 
from that of Sn2Nb2O7. When the hole-generation efficiency (hHole) is defined by nh / 3NSn’Nb based 
on Eq. (1), the hHole value of SnNb2O6 is found to be three orders of magnitude higher than that of 
Sn2Nb2O7. Considering the fact that the Sn-Nb complex oxides are annealed in reductive atmos-
phere to prevent oxidative decompositions, it is naturally expected that the charge compensation 
was occurred by the formation of large amounts of V!∙∙ 	as	shown	in Eqs. (2).  Thus, in order to 
clarify the mechanism of appearing p-type carriers in electrical properties, the V!∙∙ 	formation has to 
be considered. In this study, we investigated the formation of V!∙∙  in SnNb2O6 and Sn2Nb2O7 
through extended X-ray absorption fine structure (EXAFS) spectroscopy. We found that V!∙∙  can 
be formed preferentially around the Sn ions for both SnNb2O6 and Sn2Nb2O7. In addition, it was 
revealed that the degree of the structural disorders which derived from the V!∙∙ 	formation was higher 
in p-type Sn2Nb2O7 with low hHole than that in the p-type SnNb2O6. These findings can be well 
explained based on the Sn-O bond strength in the two different crystal structures. 
 
Table 1 Hole densiry (nh), electron density(ne), Sn&'%  density (NSn’Nb), and hole-generation efficien-
cies (hHole) in SnNb2O6 and Sn2Nb2O7. The value of NSn’Nb of n-type SnNb2O6 is lower than the Sn4+ 
detection limit of Mössbauer spectroscopy. 
 Carrier type nh (ne) [cm-3] NSn’Nb [cm-3] hHole 
SnNb2O6 
p-type 3.7 × 1018 8.6 × 1019 1.4 × 10!" 
n-type 7.5 × 1015 0.0 - 
Sn2Nb2O7 
p-type 2.5 × 1017 1.7 × 1021 4.9 × 10!# 







Sn2Nb2O7 and SnNb2O6 were prepared through solid-state reactions. The starting materials used 
were SnO (Kojundo Chemical Laboratory; purity, 99.5 %) and Nb2O5 (Kojundo Chemical Labor-
atory; purity, 99.9 %). They were mixed in an agate mortar with ethanol and dried in air for 24 h. 
The mixed powder was then calcined at 1173 K in an alumina tube furnace under N2 at a flow rate 
of 150 ml min-1. The synthesized samples were annealed to obtain p-type and n-type conductivities 
as follows. The calcined powder was ground again in an agate mortar, followed by mixing with a 
polyvinyl alcohol (PVA) aqueous solution (PVA: 2 wt.% to the sample) and ethanol. After air-
drying for 24 h, the dried samples were sieved to obtain narrow sieve fractions < 212 µm. The 
obtained powder was pressed isostatically at 290 MPa to form discs of 12 mm diameter. The sam-
ple disks were annealed in the tube furnace under each of following heating conditions: 1023 K 
under a N2 atmosphere at a flow rate of 50 ml min-1 for p-type Sn2Nb2O7 and SnNb2O6, 1473 K 
under the N2 atmosphere at a flow rate of 150 ml min-1 for n-type Sn2Nb2O7, and 1473 K under the 
N2 atmosphere at a flow rate of 100 ml min-1 for n-type SnNb2O6. 
Structural Characterization 
The crystal structure was confirmed by X-ray diffraction (XRD), which was conducted using 
the Bragg–Brentano configuration with Cu Ka radiation (PANalytical, X’Pert Pro MPD). The 
structure parameters of Sn2Nb2O7 were refined by the Rietveld analysis using the RIETAN-FP 
software [25]. The crystal structure was obtained by the VESTA software [26].  
The local crystal structures were investigated by EXAFS measurements. The EXAFS spectra of 
all the samples were measured by the transmission mode at 40 K. The Sn K-edge and Nb K-edge 




AR) and BL-9C of Photon Factory, KEK [27]. The EXAFS spectra were Fourier-transformed us-
ing the Hanning window function within the k range of 3.0–14.0 Å-1 for the Sn K-edge, Nb K-edge 
of SnNb2O6, and Nb K-edge of Sn2Nb2O7, and 3.0–13.0 Å-1 for the Sn K-edge of Sn2Nb2O7. The 
data processing of the EXAFS spectra was performed using Athena [28]. 
The 119Sn Mössbauer spectroscopy was conducted by the conventional transmission method un-
der the same experimental geometry at 78 and 300 K. The powder samples were mixed with sili-
cone grease and plastered on pure Al foil to eliminate any orientation effect. The range of the 
Doppler velocity of the Ca119mSnO3 source was set to ±8 mm s-1. The peak position was calibrated 
using a CaSnO3 reference. 
 
RESULTS AND DISCUSSIONS 
Comparing the formation of oxygen vacancies through crystal structure analysis  
 
Before discussing the possible V!∙∙  formation and its crystal structure dependency, we provide an 
experimental evidence of the comparable crystalline quality between the SnNb2O6 and Sn2Nb2O7 
samples. Figures S1(a) and (b) show the XRD patterns of the p- and n-type samples (see supple-
mentary section S1). The Bragg peaks assigned for SnNb2O6 (JCPDS : 98-020-2827) and Sn2Nb2O7 
(JCPDS : 98-027-9575) were observed to be sharp. This indicates sufficient crystalline quality to 
perform the EXAFS spectroscopy and discuss the possible local disorder in the crystal structure 
due to the formation of V!∙∙ . 
The Fourier transforms (FT) of the Sn K-edge and Nb K-edge EXAFS spectra of SnNb2O6 are 
shown in Figs. 2 (a) and (b), respectively. In Fig. 2(a), the peak between 1.5 and 1.7 Å in the FT 
of the Sn K-edge EXAFS spectra corresponds to the first-neighbor Sn-O bond. The peak intensity 




the spectral intensities of the FT feature mainly reflect the coordination number (Nj) of the absorb-
ing atom and the Debye Waller factor (sj) of the scattering atom, which corresponds to the mag-
nitude of thermal vibrations depending on the crystalline quality. Considering the higher annealing 
temperature of the n-type sample than the p-type one (|DT| = 450 K), sj of the n-type sample is 
naturally expected to be lower than that of the p-type one. Namely, the FT magnitude of the n-type 
sample could be stronger than that of the p-type one; however, this contradicts the experimental 
findings. Therefore, the significant decrease in the Sn-O peak intensity can be assumed to be a 
decrease in Nj, that is, formation of V!∙∙ . Simultaneously, we notice that the EXAFS oscillation 
becomes unclear for the n-type sample (inset of Fig. 2(a)), suggesting the formation of structural 






Figure 2. Extracted EXAFS oscillations (inset) and the associated k-weighted Fourier transform 
of (a) Sn K-edge, (b) Nb K-edge of SnNb2O6, and (c) Sn K-edge, (d) Nb K-edge of Sn2Nb2O7. The 
p- and n-type samples are denoted by solid and dotted lines, respectively. 
 
In contrast, in Fig. 2 (b), two peaks are observed in the FT of the Nb K-edge EXAFS spectra for 
radial distance (r) < 2 Å. However, a slightly complex behavior is observed in the FT spectra of 
the Nb K-edge compared to that of the Sn K-edge; the intensity of the first shell (r = 1.1 Å) for the 
n-type sample seems to be stronger than that for the p-type one; however, the second shell (r = 1.7 




be higher than that of p-type one, when we assume a low sj values with higher annealing temper-
atures for the n-type samples. Thus, this complex feature could reflect the decrease in Nj. It is 
noteworthy that the decrease in the intensity is significant for the Sn K-edge as compared to Nb 
K-edge. From the spectral calculations using FEFF program [29, 30], the first metal-oxide scat-
tering peaks in the Sn K-edge (r ~1.5 Å) and Nb K-edge (r ~1.8 Å) EXAFS spectra mainly origi-
nate from the Sn-O3 bonds and Nb-O1 and Nb-O2 bonds, respectively (see supplementary S2). 
Given the large decrease in the intensity of the FT EXAFS spectra for the Sn K-edge, we can 
consider that V!∙∙  is preferentially formed at O3 sites rather than at O1 and/or O2 sites. The site-
selective V!∙∙  formation is consistent with the findings in the Rietveld analysis of the XRD patterns 
(see supplementary S3). 
Figures 2 (c) and (d) show the FT of the Sn K-edge and Nb K-edge EXAFS spectra of Sn2Nb2O7, 
respectively. The intensity of the n-type sample for both the FT spectra is slightly weaker than that 
of the p-type one, suggesting larger formation of V!∙∙  for the n-type sample. Initially, negligible 
differences are observed between the Sn K-edge and Nb K-edge; the preferential formation of V!∙∙  
for n-type is not evident for Sn2Nb2O7 as it is for SnNb2O6. However, upon closer look at the 
EXAFS oscillations at wavenumber (k) > 6 Å, Sn K-edge EXAFS oscillation is unclear for both 
p-type and n-type Sn2Nb2O7(inset of Fig. 2(c)), which is similar to the behavior observed for n-
type SnNb2O6. This suggests that the local structural disorder occurs around the Sn ions. In the 
crystal structure of Sn2Nb2O7, there are two different oxygen sites named O1 and O2, where the 
former and latter correspond to the oxygen sites closest to Sn and Nb, respectively. Considering 
its structural analogy to SnNb2O6, the findings from EXAFS oscillations suggest that there are 






Figure 3. Comparison of experimental result and calculated XRD patterns of p-type Sn2Nb2O7 
based on the (I) O1-deficient model, (II) ideal model without V!∙∙ , and (III) O2-deficient model. 
The insets show the magnification around 111 (left, 2q = 14.0–15.0º) and 220 (right, 2q = 23.4–
24.2º) Bragg peaks. The intensity was normalized as the relative intensity, which is the ratio of the 
intensities of each Bragg peak to the highest 222 peak intensity. 
 
Again, the Rietveld analysis supports the large V!∙∙  formation at O1 site in Sn2Nb2O7 [14]. Figure 
3 shows a comparison of the experimental result with the calculated XRD patterns of p-type 
Sn2Nb2O7 (the structural parameters for the calculated patterns are shown under section S4). The 
intensity is normalized by the intensity of the 222 Bragg peak. Here, the calculated patterns (I), 
(II), and, (III) indicate the O1-deficient model, ideal model without V!∙∙  formation, and O2-deficient 
model, respectively. The insets show the magnification around the 111 (2q = 14.0–15.0°) and 220 




highest intensity. Moreover, the 220 Bragg peak can be clearly observed only in pattern (I). These 
characteristics in pattern (I) are consistent with the experimental result, which indicates the site-
selective V!∙∙  formations at the O1 site. Therefore, the structural disorder, which is potentially trig-
gered by the V!∙∙  formation, occurs preferentially around the Sn ions. These findings are supported 
by our preliminary calculations on the defect formation energy [16]. 
Further, we focus on the difference between p-type SnNb2O6 and p-type Sn2Nb2O7. As shown in 
Figs. 2(a) and (c), the peak intensity of Sn-O bonds in FT spectra for p-type Sn2Nb2O7 is lower 
than that for p-type SnNb2O6 and comparable with that of oxygen-deficient n-type SnNb2O6. This 
can also be observed in the EXAFS oscillations as mentioned above. These findings strongly sug-
gest large amount of V!∙∙  formation around the Sn ions in not only for n-type Sn2Nb2O7 but also p-
type one. Therefore, poor hHole in p-type Sn2Nb2O7 occurs due to the larger amount of V!∙∙  formation 
than in p-type SnNb2O6. 
 
Strength of Sn-O bond in Sn-Nb complex oxides 
To understand the different V!∙∙  formations around the Sn ions between SnNb2O6 and Sn2Nb2O7, 
we note the Sn-O bond strength in each structure. Bond valence sum (BVS) is a suitable indicator 
of the bond strength [31]. The bond valence Sij is directly related to the strength of the Sn-O bond 
and inversely with the bond length [32,33]. It can be approximated as 
𝑆*+ = exp >
𝑅, − 𝑅*+
𝐵 B,													⋯ (3) 
where R0 is the bond valence parameter, 1.984 Å for Sn-O bond and 1.916 Å for Nb-O bond, Rij 
and B are the actual bond length and 0.37 which is a constant independent of an element, respec-







The values of the BVS for the Sn and O of SnNb2O6 and Sn2Nb2O7 are summarized in Table 2. 
The Rij (< 3 Å) values, which were evaluated from the crystal structure data of the p-type samples 
refined by the Rietveld analysis, are summarized in Table S3 (see supplementary section S5). The 
BVS of the Sn of SnNb2O6 is higher than that of Sn2Nb2O7, suggesting that the Sn and O are tightly 
bonded in SnNb2O6 as compared to that in Sn2Nb2O7.  
 
Table 2. Bond valence sum (BVS) of the SnNb2O6 and Sn2Nb2O7. 
SnNb2O6 Sn2Nb2O7 
atom BVS atom BVS 
O1 1.90 O1 1.57 
O2 1.95 O2 1.93 
O3 1.89   
Sn 2.37 Sn 1.54 
 
Another indicator for the Sn-O bond strength is Debye temperature (qD), which is based on the  
amplitude of thermal vibration [37]. We estimated qD of Sn2+ for p-type SnNb2O6 and Sn2Nb2O7 
by means of 119Sn Mössbauer spectroscopy. Based on the high-temperature approximation of the 
Debye model, the Debye temperature is expressed with recoil-free fractions f(T) as follows [38],  
ln 𝑓(𝑇) =−6𝐸-𝑇 𝑘.𝜃/)
M ,									⋯ (5) 
𝐴 = const.		 × 	𝑓,																 ⋯ (6) 
where A, qD, T, kB, and ER are the integral absorption intensity of Mössbauer peak, Debye temper-
ature, measurement temperature, Boltzmann constant, and recoil energy, respectively. The tem-




in supplementary section S6). The slope of Sn2Nb2O7 was larger than that of SnNb2O6; Therefore, 
the qD value of SnNb2O6 (237 K) was higher than that of Sn2Nb2O7 (174 K). This is qualitatively 
in good agreement with the results obtained through the BVS estimations.  
 
 
Figure 4. Temperature dependence of ln A obtained through the 119Sn Mössbauer spectra and De-
bye temperature θD of Sn2+ sites for SnNb2O6 and Sn2Nb2O7. 
 
Comparing local structures around the Sn ions 
Finally, we will discuss the origin of the differences in the Sn-O bond strengths of SnNb2O6 and 
Sn2Nb2O7 by focusing on the local structures around the Sn ions. It is known that Sn 5s2 electrons 
have an asymmetric electron density and a large volume as same as that of oxygen ions [23]. 
Moreover, they act like the lone electron pair in the Sn2+ oxides [39,40]. The polarization of the 
5s2 electrons occurs due to the hybridization of Sn 5s with O 2p and Sn 5p orbitals [39]. The 




in Fig. 5. In the case of SnNb2O6, eight oxygen ions are arranged at the vertices of a square an-
tiprism with the Sn ion at the center. The distance between Sn and O2 is large (>3 Å); therefore, 
there is a large space present toward the O2 side. The Sn 5s2 electrons can exist in space with a 
small steric hindrance. However, in the “ideal pyrochlore” structure of Sn2Nb2O7, Sn is surrounded 
by eight closely arranged oxygen ions. To form an ideal pyrochlore structure, the defects and/or 
disorders are necessary [19-24] because large electrostatic repulsions occur between the Sn 5s2 
electrons and oxygen ions. Considering the characteristic crystal structure geometry of Sn2Nb2O7, 
the V!∙∙  formation at the O1 site could provide the space for the asymmetric electron density of Sn2+. 
This led to a large amount of V!∙∙  formation for Sn2Nb2O7, particularly around the Sn ions. There-
fore, we can interpret the reason for the lower hole-generation efficiency of Sn2Nb2O7 as compared 
to SnNb2O6 based on the characteristic crystal geometry. 
 
 







In conclusion, we investigated the oxygen vacancy (V!∙∙ ) formation in p-type SnNb2O6 and 
Sn2Nb2O7 to reveal the origin of the differences in the hole-generation efficiencies hHole. The 
EXAFS spectra and Rietveld analysis indicated the preferential V!∙∙  formation at the oxygen sites, 
which were bonded to Sn ions in both the Sn-Nb complex oxides. Moreover, a larger amount of 
V!∙∙  formation was observed in Sn2Nb2O7 with low hHole as compared to SnNb2O6 with high hHole. The 
difference in the V!∙∙ 	formations was due to the Sn-O bond strength, which is correlated with the 
local structure of Sn2+ and the asymmetric electron density of the Sn 5s2 electrons. Conversely, the 
distorted structure around the Sn ions and the long Sn-O bond length, such as those of SnNb2O6, 
resulted in higher hHole through the suppression of V!∙∙ 	formation. Because such a structure has a 
large space for the Sn 5s2 electrons, it reduced the large electrostatic repulsions between the Sn 5s2 
electrons and oxygen ions. To date, the development of p-type oxide which has s-orbital based 
VBM (s-orbital-based p-type oxide) has been limited because of the difficulty in controlling the 
formations of V!∙∙ . Our data suggest the importance of the local structure around the Sn ions to 
prevent the V!∙∙  formations in the p-type Sn2+-based complex oxides. Moreover, this approach is 
potentially adapted for other oxides with ns2 cations (such as Pb2+ and Bi3+) because they have 
similar ns2 electrons with the asymmetric electron density and large volume. The findings in this 
study give us new direction for exploring a candidate of s-orbital-based p-type oxides through a 
reduction of the scattering center generated by structural defect formations.  
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